2 conductor figure of merit (Φ TC ) of the Cu alloyed ZnS (40% Cu), calculated with the average value of transmittance between 1.5 to 2.5 eV, was ≈ 276 µS.
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Introduction
Wide band gap oxide materials such as fluorine doped tin oxide (FTO), Aluminum doped zinc oxide (AZO) and tin doped indium oxide (ITO) are very well known n-type transparent conductors [1, 2] . These n-type transparent materials are widely used in optoelectronic devices such as LEDs and solar photovoltaics (PV) [3, 4, 5] . However, the counterpart p-type transparent conductors are comparatively less investigated [6] . The first p-type transparent conductor, CuAlO 2 crystallizing in the delafossite structure, was reported in 1997 by Kawazoe et al. possessing a hole conductivity ≈ 0.1 S cm −1 at room temperature [7] . Since then, there have been a number of experimental reports of p-type transparent conductors, but in general most of the reported p-type transparent conductors show very low conductivity compared to the n-type transparent conductors [6, 8, 9] . The doped and undoped Cu-based compounds such as K doped SrCu 2 O 2 [10] , CuMO 2 (M = Ga, In, Sc, Y) [11, 12, 13, 14] , LaCuOQ (where Q = S, Se) [15, 16] , constitute the typical materials that have been studied. These materials show good transmittance in the visible light range but the presence of localized oxygen 2p orbitals at the valence band maximum (VBM) pose a fundamental problem. Majority of the metal oxides have VBM effective mass greater than 1 m e (mass of electron), which gives rise to low hole mobility [8] . However, some non-oxide chalcogenide-based p-type transparent conductors such as Zn doped CuAlS 2 [17] and undoped α-BaCu 2 S 2 [18] show transmittance > 80% and higher hole mobility with appreciable conductivity of ≈ 64 S cm −1 and 17 S cm −1 respectively.
Recently, the Cu-Zn-S materials system has shown promise for obtaining p- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 5 where R sh is the sheet resistance and T is the transmittance. According to this procedure the FoM is calculated using the sheet resistance and the optical transmission of the transparent conductor near the maximum in the solar spectrum (≈ 550 nm).
We have calculated FoM of most of the well known p-type transparent conductors and compared with the FoM of the Cu alloyed ZnS film obtained in this work. 
Experimental section

Experimental procedure
Characterization
Scanning electron microscopy (Zeiss Ultra 55 FE-SEM) was used for imaging and measuring thickness of the deposited films. Structural properties of the films were obtained using X-ray diffraction (Rigaku SmartLab X-ray diffractometer equipped with Cu-Kα source) in θ-scan mode. The optical transmission and reflection of the (Bruker Nano DI3100).
Results and discussions
Structural analysis
The structural characteristics of the Cu alloyed ZnS thin films grown at 350
• C on glass substrates via RF sputtering were investigated by XRD and SEM. (220), (311), (222) and (400) planes, respectively (JCPDS card no. 05-0566). In addition, the ratio of I {hkl}/I {111} for the various {hkl } peaks seen in the polycrystalline XRD pattern (Table S1) shows that these values are much smaller for (220), (311) and (400) planes. Hence, we can conclude that the films are primarily oriented along (111) and (200) planes than the corresponding values for a truly polycrystalline film.
Also, no shifts in the peak position were observed with an increase in the Cu concentration as Cu + and Zn 2+ have similar ionic radii of ≈ 74 pm [25] ; the Cu substitution on the Zn sublattice of ZnS does not distort the crystal structure [9, 22] .
However, a slight reduction in peak intensity is observed for the (111) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 observed in those XRD patterns. At lower concentration of Cu, the peak corresponding to the Cu 2 S phase is not visible, but as we increase the amount of Cu (> 20%) in the film, the Cu 2 S peak starts to appear. Interestingly, F5 does not show a sharp peak corresponding to the Cu 2 S phase. This could be because the Cu 2 S phase at this Cu concentration is in the amorphous state. Fig. S1 shows the Raman data for the Cu alloyed ZnS films. The peak at ≈ 472 cm −1 in the Raman spectra in Fig. S1 corresponds to the Cu 2 S. The Raman spectra for F4 has a sharp peak at ≈ 472 cm −1 corresponding to the Cu 2 S phase. However, the peak at the same position in the Raman spectrum for F5 is broadened, corroborating our inferences from the XRD data on the same films.
The SAED pattern of F4 ( Fig. 2(a) ) is composed of series of rings with some bright spots which imply that the film is polycrystalline, albeit with some preferential 
Optical analysis
The transmission and reflection spectrum in the wavelength range of 300 nm to 1100 nm of F1-F5 recorded with a UV-Vis spectrometer is shown in Fig. 3 . All the Cu alloyed The data shown in the inset of Fig. 3 is a plot of the transmission T, reflection R and transmission + reflection (T+R) data of F4. High reflectivity in the films leads to the lower transmittance values in the UV-Vis measurement. However, the use of these films as a transparent conductor in PV applications would also include an appropriate antireflection coating. In that case, the intensity of light lost via reflection will be reduced. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Therefore, reflection-corrected transmittance is a better measure of the material quality; our best film (F4) shows transmission > 75% for the most part of the visible light range.
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Absorption in the films could have been due to the presence of Cu 2 S, which possesses a band gap of < 2.5 eV. Chamorro et al. also observed that for Cu > 10% content in RF sputtered Cu:ZnS, the film shows p-type conductivity [22] . From Fig. 4 , it can be seen that the conductivity 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Figure 5 . Seebeck effect measured at room temperature for F4, deposited at 350
Electrical properties
• C.
Seebeck coefficient ( +35.5 µV K −1 ) confirms the p-type conductivity in the film.
of the films increases with increasing Cu content. Significant change in the conductivity was observed as the Cu content changes from 20% to 30% and at 40% Cu, the maximum conductivity ≈ 752 S-cm −1 was observed. [22] .
Thus, the high carrier concentrations (shown as the secondary axis in Fig. 4) , of the order of 10 21 cm −3 observed in these films can be attributed to the presence of crystalline Cu 2 S phase, which is known to have a high carrier concentration at room temperature [27] . Importantly, the decrease in the conductivity via the decrease in the carrier concentration as we go from 40% to 50% Cu content in the film is suggestive of the hypothesis that the presence of crystalline Cu 2 S phase is critical in determining the electrical transport properties of this material. So, the conductivity in films having 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 valence band edge instead of inducing any shallow defect state [28] . Due to this, even at low temperatures all the states are ionized and gives rise to conductivity. However, with the increase of Cu content beyond 20%, excess formation of crystalline Cu 2 S is the major contributor to the high conductivity in these films. Low temperature resistivity measurements in the range of 10−300 K were conducted to study the electrical properties of the Cu alloyed ZnS films. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   13 band as well as the presence of crystalline Cu 2 S in the films [28] . Crystalline Cu 2 S in F3 and F4 gives rise to high conductivity in the film, whereas the degenerate doping and minority Cu 2 S phase play important role for hole conduction in F1 and F2. (Fig. S4) , which can be explained via hopping transport mechanism. The ρ vs T data was further fitted using the equation ρ(T ) = ρ 0 exp(T 0 /T ) 1/2 , and the fit is shown as the red curve in Fig. 7(a) . It can be observed that there is a good fit of the experimental plot with the hopping transport mechanism. F5 is comprised of amorphous Cu 2 S and Cu doped ZnS phases ( Fig. 1 and Fig. S1 , supporting information). Amorphous Cu 2 S with Cu doped ZnS together in a system can be stated as an inhomogeneous disordered granular system. In this situation, the carriers need to overcome an electrostatic barrier to hop onto a neighboring grain as probability of tunneling from grain to grain is very less [29] .
Also, resistivity curve does not shows any Arrhenius type activation behavior and is well explained using hopping transport equation 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 observed dρ/dT < 0 also confirm the insulating nature of F5. Stability studies under ambient conditions were performed for F4. Fig. 8 shows the resistivity, mobility and carrier concentration (ρ, µ and p) of this film over one month in one day intervals. Stability of transparent conductor greatly depends on thickness of the films and it is reported earlier that films with thickness 200 nm or greater are more stable [31] . We have performed stability test on 200 nm thick F4 film. Storage under ambient conditions shows excellent electrical stability and did not show any significant change in ρ, µ or p of F4. The measured ρ is ≈ 10 −3 Ω cm, µ is ≈ 1.6 cm 2 V −1 s −1 and p is to the order of ≈ 10 21 cm −3 with minor variation for the total 30 days of measurement.
Figure of merit
For calculating the figure of merit of our most conducting film (F4), the average of the transmittance values between 1.5 eV to 2.5 eV was considered which is ≈ 67% and the sheet resistance is ≈ 66.5 Ω / , resulting in a FoM of 276 µS. We also used another method for calculating FoM using the transmittance at 550 nm wavelength. This method was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 Table 1 were calculated using transmittance at 550 nm. To the best of our knowledge, this is the highest figure of merit obtained amongst the films deposited via RF sputtering technique.
Conclusion
In summary, we have fabricated p-type Cu alloyed ZnS thin films with hole conductivity as high as ≈ 752 S cm −1 via RF sputtering technique. Cu alloyed ZnS with 40% Cu, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 deposited at 350
• C showed the maximum conductivity and is fairly transparent in visible light range. Most conducting film showed the metallic behavior due to presence of crystalline Cu 2 S in the film, which can be correlated to the fact that it has high carrier concentration (> 10 21 cm −3 ) at room temperature. Degenerate hole conductivity was observed in films having lower Cu concentration. TEM and XRD confirmed that all deposited films were in sphalerite structure with (111) and (220) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 17 of 18  AUTHOR SUBMITTED MANUSCRIPT -JPhysD-114342   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 18 of 18  AUTHOR SUBMITTED MANUSCRIPT -JPhysD-114342   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
